The N-alkylation of 4-aminopyrimidine with a tetrahydro-3-aza-cyclopropa[c]inden-5-one, which is a model reaction of the pharmacophore of duocarmycins, was studied with a quantum chemical method. We consider two factors for the acceleration of the N-alkylation; distortion and protonation of the model pharmacophores. The distortion of the spirocyclopropyl moiety in the model spirocyclopropylcyclohexadienone could induce an intrinsic energy of 3-4 kcal/mol, but the protonation on the carbonyl oxygen of the model cyclohexadienone lowers the transition energy of the N-alkylation of 4-aminopyrimidine dramatically (~46 kcal/mol) and is considered to play a major role in the enzyme reaction. The distorted and protonated spirocyclohexadienone is exothermally relieved to a phenol with the heat of reaction of -37 kcal/mol. The protonation process is proposed to be the mode of action of duocarmycins in the DNA alkylation.
Introduction
Doucarmycins and CC-1065 which are originally isolated from cultures of Streptomyces, 1 shows high potency in vitro cytotoxic activity, in vivo antitumor activity, and broad spectrum antimicrobial activity. 2 In extensive studies, the agents have shown to bind within the double-strand B-DNA minor groove in an initial high-affinity, nonintercalative manner and subsequently forms irreversible covalent adducts by 3-adenine N-3 alkylation of the electrophilic spirocyclopropylcyclohexadienone segment of the agents.
3,4
The agents are stable toward conventional nucleophiles at pH 7, but they undergo the DNA alkylation reaction efficiently. The cytotoxic potency and antitumor activity have been correlated with their sequence-selective minor groove binding properties. 3b The sequence selective DNA alkylation is thought to be originated from the noncovalent binding selectivity of the agents (shape-selective recognition). 5, 6 There is also a report that a water molecule is fixed toward the oxygen of the dienone during the DNA alkylation of the pharmacophore, 7 which suggest the presence of catalytic proton during the alkylation. However the detail of the mode of action of the agents is yet to be studied.
The pharmacophore of the agents is the spirocyclopropylcyclohexadienone which has a highly strained cyclopropyl moiety and a cyclodienone moiety. The adenine N-3 alkylation gives the stable form of the pharmocophore, i.e., an ethylphenol derivative. The strain energy of the spirocyclopropyl moiety is relieved and the aromatic resonance stabilization is acquired through the N-alkylation. At the final stage of the alkylation, one proton is necessary for the complete conversion of the dienone to the phenol and the adenine moiety will possess a positive charge at either the ring nitrogen or the amino group. The alkylation product was observed, 3 however, the full mechanism is yet to be studied with a theoretical method. Here we have selected several model molecules and studied the model reaction of the DNA alkylation of the model pharmacophore theoretically and tried to figure out the mode of action of the pharmacophore. 
Calculation
We simulated the model reaction of the DNA alkylation with Duocarmycins. The model pharmacophore is the spirocyclopropylcyclohexadienone (Quin1; spiro[2.5]octa-4,7-dien-6-one) and the model for an adenine or a guanine of DNA is 4-aminopyrimidine (Pyrim). The mode of action of a pharmacophore is the followings; a model cyclohexadienone is converted to a 4-ethylphenol after the covalent bond formation between the cyclopropyl moiety and the ring nitrogen at the 1-position of Pyrim, and the same cyclohaxadienone protonated at the carbonyl oxygen undergoes the alkylation. We also calculated the distorted dienone (Quin18) by fixing a spirocyclopropyl C-C bond on the same plane with the cyclohexadieneone (the torsional angle is 180 degree) to estimate the intrinsic energy in the distortion, which appears in the structure of the tricyclic antibiotic agents. We have calculated a tricyclohexadienone (Quin2; 3-acetyl-1,1a2,3-tetrahydro-3-aza-cyclopropa[c]inden-5-one) and its protonated form (Quin2_H) which have another pyrrolidine moiety and are more likely model for the antibiotic agents than Quin1. The transition state (QuinTS) for the alkylation from Quin2 and Pyrim was located. For the protonated alkylation, the transition state (QuinTS_H) from the Quin2_H and Pyrim was also calculated. Both transition structures have one and only one imaginary frequency in the frequency calculations. In the transition structures, the Pyrim rings are near vertical to the cyclopropyl rings of the hexadieneones. The end products (QuinPD and QuinPD_H) of the N-alkylation were calculated. The whole calculation was performed with GAUSSIAN98W at the basis set of RHF/6-31G (d,p) and B3LYP/6-31G (d,p). 
Results and Discussion
Distortion of the cyclopropyl ring. The cyclohexadienone (Quin1) and the distorted cyclohexadienone (Quin18) are slightly different in geometry and energy (Table 1 and 2). The energy difference is 4.43 kcal/mol at RHF/6-31G(d,p). When we compressed the cyclopropyl ring from Quin1 to Quin18, the C=O bond a is shortened, and the C-C bonds b becomes longer, and the C=C bond c becomes shorter; the geometric parameters show they moved in the reverse direction toward the aromatic phenol. The spirocyclopropyl moieties have longer C-C bondlengthes compared to the ordinary cyclopropyl groups (1.5324 vs 1.4971 Å), which indicated the conjugation between the cyclohexadiene and the spirocyclopropyl group. The C-C bond d of the distorted cyclopropyl moiety of Quin18 which is placed on the same plane with the cyclohaxadienone ring has even shorter C-C length (1.5084 Å) and the other spiro C-C bond e has a longer bondlength of 1.5408 Å which is near the same of the acyclic C sp 3-C sp 3 bond. The C-C bonds in cyclopropane are, so called, a banana bond, whose orbital angles of C-C-C are larger than 60 degree. The longer spirobond e in the model structure Quin18 seems, therefore, to have better conjugation with two olefins of the cyclohexadienone. This elongation will lower the transition energy and make the structure more suitable to the transition state.
The comparison between the protonated cyclohexadienone (Quin1_H) and the distorted protonated cyclohexadienone (Quin18_H) shows that the energy difference is 3.34 kcal/ mol, but their geometries are similar (Table 1) . However the protonation makes the ring structure have more aromatic characters; longer carbonyl bond a, shorter C-C bond b, and longer C=C bond c than those of Quin1 and Quin18. The major changes in Quin18_H are the elongation of the bond e from 1.5716 Å to 1.6239 Å and the bond angle of θ (66.0 degree), which is assumed to have better conjugation with the cyclohexadieone after the ring compression and is more suitable to the transition states of the alkylation.
Unprotonated alkylaton. The geometric parameters in Quin18 and Quin2 are similar. These geometric parameters are well correlated with the parameters from the experimental crystallography works (X-ray crystallography). 5 The model aminopyrimidine ring in the QuinTS approaches vertically to the cyclohexadienenone ring. The cyclopropyl ring angle θ in QuinTS, the index of the ring opening, is 92.1 degree and the length of the bond e in QuinTS is 2.1421 Å (those of Quin2 and QuinPD are 1.5184 Å and 2.4508 Å, respectively), which indicates almost 70% ring opening. Therefore the transition state QuinTS is product-like. The product model, QuinPD, has a cyclohexadienone-like structure rather than an aromatic phenol-like structure; i.e., the bond b and c are 1.4534 and 1.3613 Å and still are similar to a single and double bond, respectively. In the unprotonated process the charge delocalization seems to be not achieved.
The transition state energy of the alkylation was calculated from the QuinTS and the reactants of Quin2 and Pyrim which are assumed to be separated infinitely. The energy difference between Quin1 and Quin18 is 4.43 kcal/mol and about 10% of the transition energy (49.7 kcal/mol). The distorted energy of 4.43 kcal/mol seems to play a minor role in the unprotonated alkylation; although there will be some catalytic environmental surroundings in the real system, they are ignored in this model calculation for simplicity. In the unprotonated alkylation, the negative and positive charge generated during the alkylation is not well delocalized; the atomic charge of the carbonyl oxygen of QuinPD is increased only by 0.1544 and its atomic charge of 4-NH 2 is decreased by 0.0980 compared to Pyrim (Table 3) . As a result, the energy of QuinPD is high compared to the reactants (Quin and Pyrim) by 37.7 kcal/mol. At B3LYP/6-31G (d,p) level, the energy gaps are reduced, but still the transition energy is 29.43 kcal/mol and the product is above the reactants by 18.12 kcal/mol. Protonated alkylation. The bond lengthes of the carbonyl a increase from 1.2996 Å of Quin2_H to 1.3225 Å of QuinTS_H to 1.3399 Å of QuinPD_H, and those of the C-C bond b change from 1.3940 Å to 1.3972 Å to 1.3950 Å, respectively, and those of the C=C bond c change from 1.3746 Å to 1.3751 Å to 1.3775 Å, respectively. Unlike the previous unprotonated alklyation, the geometry of the protonated cyclohexadienone moiety of Quin2_H is already quite similar to the structure of the product phenyl, which surely is a factor lowering the transition state energy. The transition state QuinTS_H is above the separated reactants by 3.09 kcal/mol at RHF/6-31G (d,p). Its cyclopropyl moiety has a bond angle (θ) of 82.8 degree and the length of the bond e in QuinTS_H is 1.9650 Å (those of Quin2_H and QuinPD_H are 1.5548 Å and 2.4734 Å, respectively), which indicates about 40% ring opening. Therefore the protonated transition state QuinTS_H is an early transition state compared to that of the unprotonated QuinTS (70% ring opening). The bond length of the C-NH2 of the product QuinPD_H is 1.3143 Å, well shorter than that of Pyrim (1.3494 Å), which indicates that the non-bonding electron pair on the NH 2 group participates in the conjugation 10 in QuinPD_H. And the ring structure of QuinPD_H shows the positive charge delocalized over the pyrimidine ring well in the protonated process; the atomic charge of 4-NH 2 is decreased by 0.1376.
The transition energies of QuinTS (49.72 kcal/mol) and QuinTS_H (3.09 kcal/mol) are quite different and the protonation seems to lower the transition energy by ~46 kcal/mol at RHF/6-31G (d, p) and ~26 kcal/mol at B3LYP/ 6-31G (d,p). When we consider that the energy lowering by the distorted spirocyclopropyl moiety is only 3-4 kcal/mol and the protonation process on the carbonyl of the cyclohexadienone lowers again the transition state energy by 46 kcal/mol (RHF/6-31G (d,p)) or 26 kcal/mol (B3LYP/6-31G (d,p)), we have to note that the major factor for the transition state is the protonation.
In conclusion, the spirocycloproyl moieties of the spirocyclopropylcyclohexadienone have a minor contribution of 3-4 kcal/mol to the transition of the pyrimidine alkylation, but the major contribution to the alkylation comes from the protonation on the keto-oxygen of the pharmacophore. Either the direct protonation on the keto-oxygen or the strong hydrogen binding of the water molecule toward the ketooxygen will be necessary in the real DNA alkylation of the spirocyclopropylcyclohexadienone of Duocarmycins and CC-1065. 31G (d,p) ).
